Recently, the global scale environmental problem has become a critical issue. In metallic material, not only the cost reduction and improvement of mechanical properties but also the decrease in environmental load is required. In copper alloys, several mass% Pb was added to improve the machinability. However, due to the adverse toxicity of Pb that is harmful to the health, a new regulation to limit the amount of Pb permitted in drinking water supplies has been enforced. A huge amount of copper alloy scraps containing Pb will become industrial waste because the scrap will not be available as the raw materials.
Introduction
Copper alloys (Brass and Bronze) containing several mass% of Pb have been widely used in water faucets and pipes for freshwater supply because of its good machinability, corrosion resistance and mechanical properties. However, Pb is harmful to human health. In order to limit the amount of permitted Pb in drinking water supplies the regulations were enforced. The leaching standard value of Pb was severely revised to 0.01 mg/L in Japan in April, 2003.
1)
As a countermeasure, the development of the Pb-free copper alloys has been advanced. Most of the developed Pb-free copper alloys contain Bi as an alternative of Pb. However, these Pb-free copper alloys are manufactured from the virgin materials. This is caused by low technology for removing Pb from the copper alloy scraps. If we continue the manufacturing method only using virgin materials, the resource consumption of not only Bi, which is the rare metal, but also Cu, Zn and Sn increases. Also a huge amount of copper alloy scraps containing Pb will be accumulated without being recycled. These are not desirable from the viewpoints of efficient use of resource and recycling.
In order to solve these issues, the development of the new technology for removing Pb from the copper alloy scraps containing Pb is needed. As the methods for Pb removal, evaporation method using Cl and oxidation method have been applied so far. 2, 3) However, these methods may not be applied today because of their large environmental impacts and long processing time. Authors have examined the possibility of the Pb removal by compound-separation method in brass. [4] [5] [6] In the present study, the compound-separation method in which the floating large particles of a Pb compound were skimmed off from the molten copper alloys was investigated in both brass and bronze.
Experimental Procedure
Brass (JIS CAC203) containing 2.15 mass% Pb and bronze (JIS CAC406) containing 5.5 mass% Pb were used as test specimens. Table 1 shows the chemical composition of brass and bronze. These specimens were observed by electron probe microanalyzer (EPMA). Figure 1 shows SE images of the brass and the bronze. The white spots in the SE images indicate Pb, which remains undissolved within the matrix and is dispersed as particles of several mm in size. Figure 2 shows a schematic illustration of the experimental procedure. Brass (3 kg) and bronze (5 kg) were melted using high-frequency induction furnace (20 kW) under nitrogen gas, respectively. Carbon crucible was used for melting pot (Inner diameter: 110 mm, high: 250 mm). In order to form Pb-Ca compounds, marketed Ca-Si compound was used. Table 2 shows the chemical composition of the Ca-Si compound. According to X-ray diffraction (XRD), this compound consists of CaSi 2 and Si. In the case of brass, the Ca-Si compound was added to the molten brass at 1273 K. After agitating and holding, the formed large particles of a Pb compound rose through the molten brass. Such Pb compounds were then skimmed off from the molten brass. We designate this process as ''Stage I''. After the Stage I, an aggregation agent, NaF, was added to remove the When the Ca-Si compound was added to the molten bronze, the percentage of Pb removal was about 20%. Bronze contains Sn as shown in Table 1 . Figure 3 shows standard Gibbs energies (ÁG ) for synthesis of Ca 2 Pb, Ca 2 Sn, SnF 2 and SnF 4 as functions of temperature (Obtained by HSC chemistry 5 in Outokumpu Research). It is suggested that Sn reacts with F in preference to Ca though Ca reacts with Sn in preference to Pb. Therefore, NaF was added to the molten bronze to form the Sn-F compound, followed by adding the Ca-Si compound at 1323 K. The large particles of the Pb compound were skimmed off from the molten bronze. In the above-mentioned processes, the amount of the Ca-Si compound, the holding time of molten copper alloys and the Pb compound removal temperature were changed. After the experiments, quantitative analysis of Pb in the specimens was carried out by X-ray fluorescence (XRF). The microstructures of brass and bronze specimens were characterized by EPMA. Figure 4 shows relationships between percentage of Pb removal from brass at Stage I and bronze and the amount of the Ca-Si compound. As shown in Fig. 4 , the percentage of Pb removal increases with increasing the amount of Ca-Si compound. However, it tends to saturate with further 4 mass% additions in brass and 10 mass% additions in bronze. Figure 6 shows relationships between percentage of Pb removal and Pb compound removal temperature. In both brass (Stage I) and bronze, the percentage of Pb removal increases with decreasing Pb compound removal temperature. But, in bronze, when Pb compound removal temperature is lower than 1183 K, the percentage of Pb removal decreases.
Result and Discussion
In 6 mass% Ca-Si compound addition to molten brass, the state of retained Pb after Stage I was characterized by EPMA. Figure 7 shows EPMA analysis of brass after Stage I. The distribution of Pb is similar to that of Ca, and Si exists around the Pb compounds. The particle size of Pb compounds is very small. On the other hand, Ca-Si compound particles which are unreactive to Pb are observed in Fig. 7 . This suggests that the added Ca-Si compound was too much to Pb content in brass. In Fig. 4 , when the amount of Ca-Si compound exceeds 4 mass%, the percentage of Pb removal saturates, which may be caused by the addition of too much Ca-Si compound. Figure 8 shows EPMA analysis of skimmed off compound from molten bronze. The distribution of Pb is similar to that of Ca. This indicates that the Pb compound is formed. Si exists around the Pb compound. The Pb compound is very large (several ten mm). Such large particles of the Pb compound may be moved up to the surface of molten bronze.
In 8 mass% Ca-Si compound addition to molten bronze, Fig. 9 shows EPMA analysis of bronze after Pb compounds removal. The distribution of Pb is similar to that of Ca. This indicates that Pb compounds are formed. The particle size of Pb compounds is very small (several mm). Besides, the CaSi compounds particles which are unreactive to Pb are not seen in Fig. 9 . The Pb concentration in as-received bronze is 2.5 times to that in as-received brass. Therefore, it is considered that most of Ca-Si compound particle reacted with Pb.
The above-mentioned results are discussed based on equilibrium phase diagram of Ca-Pb system. 7) Figure 10 shows equilibrium phase diagram of Ca-Pb system. We assumed that every Ca reacts with Pb. When the 4 mass% Ca-Si compound is added to molten brass, Pb concentration in Ca-Pb componud becomes 65.1 mass%. When the 10 mass% Ca-Si compound is added to molten bronze, Pb concentration in Ca-Pb compound becomes 65.6 mass%. Ca-Si compound addition temperature is 1273 K in brass, and 1323 K in bronze. According to the equiliblium phase diagram, in both brass and bronze, both liquid phase and solid phase (Ca 2 Pb) coexist. The ratio of liquid phase in bronze is larger than that in brass. After holding for a while under such a condition, it is considered that adjacent liquid phases coalesce to each other, and grow up to a large liquid phase. When the temparature is lowered, the ratio of solid phase increases. In other words, more solid phase is crystallized in a liquid phase. Consequently, in both brass and bronze, the amount of solid phase increases with the decrease in temperature. Because large particles of the Pb compound of solid phase becomes easier to move up to the surface of molten copper alloys, the percentage of Pb removal increases with decreasing Pb compound removal temperature (Fig. 6) . However, in bronze, when Pb compound removal temperature is lower than 1183 K, percentage of Pb removal decreases (Fig. 6 ). This is because the Pb compounds of solid phase can not move up readily due to the high viscosity of molten bronze at near solidification temperature. Moreover, even when the Pb compound removal temperature is the same in brass and bronze, the percentage of Pb removal in brass is lower than that in bronze. This suggests that it is for small Pb compounds of solid phase difficult to move up to the surface of molten brass. As shown in Fig. 4 , in bronze, percentage of Pb removal is 82% at 1183 K of Pb compound removal temperature. According to the equilibrium phase diagram (Fig. 10) , not only solid phase but also liquid phase exists at this temperature. This liquid phase remains in molten bronze, because it is not possible to skim off from molten bronze. As mentioned above, percentage of Pb removal in brass was low because of small Pb compounds of solid phase (Fig. 6) . In order to aggregate these small Pb compounds, NaF was added to molten brass after Stage I. As a result, the percentage of Pb removal was improved up to 83%. Figure 11 shows EPMA analysis of brass after NaF addition. Because small Pb compounds aggregate in molten brass, the particle size of Pb compounds is very large (several ten mm). These large Pb compounds may be moved up to the surface of molten brass, resulting in the high percentage of Pb removal. However, the upper limit of the percentage of Pb removal is 83%. This is because liquid phase still remains as shown in equilibrium Phase diagram.
The result of EPMA analysis showed that Na was absent in brass and bronze ingots after Pb compound removal. A small amount of Ca and Si remained in the ingots after Pb compound removal. However, it is considered that the residual Ca and Si may be removed by oxidation refining.
Conclusion
The method for removing Pb from copper alloys containing Pb was examined by the compound-separation method. In the case of removing Pb from brass, Ca-Si compound is added to molten brass, followed by skimming off the large Pb compounds which float on the surface of molten brass. Then, in order to aggregate the remaining small Pb compounds, NaF is added to the molten brass. As a result, the large Pb compounds are formed, resulting in the high percentage of Pb removal. Using this method, 83% of Pb can, consequently, be removed from brass containing 2.15 mass% Pb. In the case of removing Pb from bronze, NaF is added to molten bronze, followed by adding the Ca-Si compound. Therefore, the reaction of Ca with Pb is promoted without the reaction of Ca with Sn, resulting in the high percentage of Pb removal. Using this method, 82% of Pb can be removed from bronze containing 5.5 mass% Pb.
